Radio-frequency magnetron sputtering has been used to deposit Ni-rich nickel oxide nano-films to form a metal-insulator-metal structure, which exhibits resistive switching behavior. Memory characteristics of the structure have been investigated. The ratio of the current of the structure at the reading voltage of 0.05 V between a low-resistance state (LRS) and a highresistance state (HRS) was observed to be >10
Introduction
Flash memory based on a floating-gate design, is the most popular nonvolatile memory technology nowadays which is used in many electronic products such as thumb drives, computer storage, music players, and digital cameras. The advancing of silicon manufacturing technology has been the primary driving force for the prevalence of flash memory by realizing large memory capacity and high operation speed at a competitive cost. However, the flash technology will hit the bottleneck in near future due to reliability issues. 1 One of the promising candidates to replace current flash technology is the so-called resistance switching memory, also known as resistive random access memory (RRAM). 2 The memory behavior in such RRAM devices is based on the electrically stimulated change of the resistance of an insulating or semiconducting layer (i.e., the switching medium). As compared to the contemporary flash memory, the RRAM devices consume less power, 3, 4 operate at higher speed, 5, 6 and allow higher cell density. 7 The resistance switching behaviors have been extensively reported in a wide variety of materials such as perovskite oxides, [8] [9] [10] transition metal oxides, 7, 10, 11 organic compounds, 12, 13 and even graphene oxide. 14 In this study, a RRAM device based on magnetron sputtered Ni-rich nickel oxide (NiO) nano-films is presented and the memory behavior of the RRAM device is investigated.
Experimental Details
The Au/Ti/SiO 2 /Si substrate was prepared by depositing 10 nm Ti followed by 200 nm Au layers on a thermally oxidized Si wafer (the SiO 2 thickness is 250 nm) with electron-beam evaporation. The Ni-rich NiO nano-film with a thickness of~50 nm was then deposited onto the Au/Ti/SiO 2 /Si substrate by radiofrequency (RF) magnetron sputtering of a NiO target (99.99% in purity) in argon ambient (the Ar flow rate was 75 sccm). The RF power and frequency used in the sputtering were 150 W and 13.6 MHz, respectively. The chemical states of the sputtered Ni-rich NiO nano-film were analyzed by an X-ray photoelectron spectroscopy (XPS) (Kratos AXIS Ultra, Manchester, U.K.) equipped with monochromatic AlKa (1486.71 eV) X-ray radiation (12 kV and 15 mA). Finally, Au/Ni electrodes (i.e., 200 nm Au/15 nm Ni) with a diameter of 200 lm and a spacing of 200 lm were formed on the surface of the Ni-rich NiO film by electron-beam evaporation through a shadow mask. A metal-insulator-metal (MIM) resistance switching memory device was thus formed (the device structure is shown in Fig. 1 ). Current-Voltage (I-V) measurements and the writing/reading operations on the memory devices were conducted using a semiconductor characterization system (Keithley-4200, Cleveland, OH) at room temperature. The compliance current for the I-V measurements was set to be 0.1 A. Figure 2 shows the Ni 2p 3/2 core level XPS spectrum of the NiO nano-film. The species corresponding to the Ni 0 , Ni 2+ , and Ni 3+ states and the accompanying shake-up satellite can be identified based on the peak deconvolution. 15 In the XPS spectrum, they are located at the binding energies of~852.3,~853.9,~855.9, and~861.3 eV, respectively, as can be seen from Fig. 2 . The existence of the elemental Ni peak (i.e., the Ni 0 state at~852.3 eV) in the XPS spectrum indicates that the as-deposited NiO nano-film is Ni-rich. [15] [16] [17] [18] Based on the XPS measurement, the elemental percentage of the metallic Ni component in the oxide matrix is estimated to be~22.1%. The formation of elemental Ni phase results from the reduction and decomposition of the NiO during the ion sputtering process with negligible residual oxygen in the sputtering chamber. [17] [18] [19] [20] Although NiO is well known as a p-type semiconductor due to Ni deficiency/vacancy, 21, 22 the presence of highconcentration metallic Ni phase which introduces electronic defects in the NiO matrix results in the n-type nature in the as-prepared Ni-rich NiO nano-films of this work. 20, 23 It is expected that the excess metallic Ni component which is dispersed in the NiO matrix as Ni nanoclusters or nanoparticles plays an important role in the reversible resistance switching of the Ni-rich nickel oxide nano-films described below. However, the percentage of the metallic Ni component can be hardly varied through the nonreactive sputtering of a NiO target in this work. According to Seo et al., 20 for metal-deficient NiO films with low Ni concentration, threshold switching instead of the memory switching generally occurs due to the Ni vacancies which increase the film conductivity significantly.
Results and Discussion
The MIM structure based on the Ni-rich NiO nano-films shows a unipolar resistive switching characteristic. Typical I-V characteristics of the structure obtained from voltage sweeping are shown in Fig. 3 . Prior to the I-V measurements, a forming process was carried out by sweeping the voltage up to 4 V with a current compliance (CC) of 0.1 A, as shown in the inset of Fig. 3 . The forming voltage is~2.9 V. By sweeping the voltage from 0 to +2 V with a step of 10 mV after the forming process, a bistable resistance switching behavior was observed. As the voltage was increased to a certain value, a sudden drop of the current from~0.07 to~3.5 9 10 À5 A occurred. This is the so-called RESET process, in which the resistance is switched from a low-resistance state (LRS) to a highresistance state (HRS). The corresponding voltage is the RESET voltage (V RESET ), which is~0.7 V for the current device. The HRS after the RESET process maintained until a further sweep was carried out. When the voltage was swept to certain value, an abrupt increase in current appeared, known as the SET process which is defined as the resistive transition from the HRS to the LRS. The corresponding voltage (~1.29 V) is the SET voltage (V SET ). Figure 4 shows the variation in resistance for both the HRS and LRS with the switching (SET/RESET) cycles. The resistance values were read out in each sweep at a low voltage of 0.2 V which was well below V RESET and V SET . As can be observed from Fig. 4 , the resistance ratio of the HRS to the LRS keeps larger than 10 2 during cycling. The HRS/LRS ratio is even higher at a smaller reading voltage, for example, the ratio is larger than 10 3 at the reading voltage of 0.05 V. The large HRS/LRS ratio (i.e., a large memory window) easily satisfies the requirement for distinguishing the two states in memory applications. In addition, as shown in Fig. 4 , the resistance of both HRS and LRS is highly reproducible, and there is no significant degradation after 75 cycles, showing good endurance.
The evolution of V SET and V RESET with the switching cycles is also investigated as shown in Fig. 5 . The distribution of V RESET is quite narrow, in the range of~0.4 to~0.8 V, as shown in the inset of Fig. 5 . On the other hand, the distribution of V SET is relatively larger (~1.2 to~3.2 V), which could be due to the different remnants of the ruptured filaments. 24, 25 However, a margin of~0.42 V between V SET and V RESET is still achieved, as shown in Fig. 5 . Figure 6 shows the retention characteristic of the memory structure at room temperature. The resistance of both the HRS and the LRS was measured at 0.05 V. As can be seen from this figure, there is no significant degradation in the resistance of both the LRS and HRS and the resistance ratio of the HRS to the LRS remains >10 3 within the time limit (5 9 10 4 s) of the experiment, showing good data retention capability. The resistance of the LRS shows no variation with time as a result of the existence of stable conductive filaments. However, the HRS exhibits some small fluctuations in its resistance due to the random occurrence of the on/off of some conduction paths in the oxide layer.
To understand the conduction and switching mechanisms of the MIM structure, the I-V curves at HRS and LRS shown in Fig. 3 were replotted in a logarithmic scale. Figure 7 shows the logarithmic plots and power-law fittings to the measurement data. As shown in Fig. 7 , the I-V curve of LRS exhibits an ohmic behavior with a slope of~0.99. This is considered as a result of the formation of conductive filament during the SET process. The HRS also shows an ohmic conduction at low fields (with the slope of 1.02), and the slope becomes 1.97 and 5.67 at moderate and high fields, respectively. The result suggests that a trap-con- trolled space-charge limited current (SCLC) conduction process, which consists of an ohmic region (I / V) at low fields, the Child's square law region (I / V 2 ) at moderate fields and the region of steep increase in current at high fields, is responsible for the current transport of the HRS. 26 The switching behaviors of the Ni-rich NiO nanofilm can be explained with the conductive filament (CF) model, as illustrated in Fig. 8 . As revealed by the XPS analysis shown in Fig. 2 , there is a high concentration of metallic nickel phase existing in the Ni-rich NiO layer which introduces some defects or trapping sites in the oxide. Initially, the Ni-rich NiO nano-film exhibits an insulator property with a very small current conduction following the trap-controlled SCLC process. During the forming process with a high voltage applied, soft breakdown takes place in the NiO nanofilm, in which the metallic nickel phase is driven along the NiO grain boundaries under high electric field to form some conductive electron tunneling paths (i.e., the CFs). 11, 18, 23 As shown in Fig. 8b , the CFs connect the top and bottom electrodes, turning the device into the LRS instantly. The forming process is required to activate the switching property of the Ni-rich NiO nano-film by forming some weak nano-filaments and the CC is used to avoid the occurrence of a hard breakdown. 11 The forming-induced CFs are disrupted in the RESET process as shown in Fig. 8c , and they are reconnected in the SET process, leading to the reversible switching between the LRS and the HRS. In the LRS, due to the presence of the CFs, a large current can be produced at a small voltage, and the current conduction shows an ohmic behavior. The localized Joule heating with a very high power density caused by the large current can dissolve the CFs, leading to a sudden increase in resistance (i.e., the RESET transition). 18, 27 In addition, the thermal oxidation of the metallic Ni by the unstable Ni 2 O 3 could be another reason responsible for the dissolution of the CFs. 27 In the SET process, the broken CF can be reconnected as a result of the reduction reactions occurring in the Nirich NiO layer where the energetic electrons are injected under the application of high electric fields. 18, 27 The SET process is a miniature electroforming which requires voltages generally smaller than that for initial forming. The different current conduction mechanisms in the device between the LRS and the HRS shown in Fig. 7 suggest that the CFs are formed in a small confined region rather than distributed homogeneously in the whole area.
Conclusion
The current conduction, resistive switching behaviors, and memory characteristics of the Ni-rich nickel oxide nano-films have been studied. The LRS shows an ohmic conduction due to the presence of the conductive filament formed by the excess metallic Ni phase in the oxide nano-film; and the current conduction of the HRS can be explained by a trap-controlled space-charge limited current conduction process. The switching between the LRS and HRS is due to the breaking or reconnection of the conductive filament. Memory characteristics of the structure have been investigated. The ratio of the current of the structure at the reading voltage of 0.05 V between the LRS and the HRS was observed to be >10 3 , showing a large memory window at a very low reading voltage. The memory window was well maintained within the time limit of the experiment (5 9 10 4 s), exhibiting good memory retention.
(a) (b) (c) Fig. 8 . Schematic model of the formation of the conductive filaments in the Ni-rich nickel oxide nano-films by the forming process and the breaking/reconnection of the conductive filaments in the RESET/SET operations.
